Galectins are a family of secreted animal lectins with biological roles in cell adhesion and migration. In sheep, galectin 15 (LGALS15) is expressed specifically in the endometrial luminal (LE) and superficial glandular (sGE) epithelia of the uterus in concert with blastocyst elongation during the peri-implantation period. The present study examined LGALS15 expression in the uterus of cattle, goats, and pigs. Although the bovine genome contains an LGALS15-like gene, expressed sequence tags encoding LGALS15 mRNA were found only for sheep, and fulllength LGALS15 cDNAs were cloned only from endometrial total RNA isolated from pregnant sheep and goats, but not pregnant cattle or pigs. Ovine and caprine LGALS15 were highly homologous at the mRNA (95%) and protein (91%) levels, and all contained a conserved carbohydrate recognition domain and RGD recognition sequence for integrin binding. Endometrial LGALS15 mRNA levels increased after Day 11 of both the estrous cycle and pregnancy, and were considerably increased after Day 15 of pregnancy in goats. In situ hybridization detected abundant LGALS15 mRNA in endometrial LE and sGE of early pregnant goats, but not in cattle or pigs. Immunoreactive LGALS15 protein was present in endometrial epithelia and conceptus trophectoderm of goat uteri and detected within intracellular crystal structures in trophectoderm and LE. Recombinant ovine and caprine LGALS15 proteins elicited a dose-dependent increase in ovine trophectoderm cell attachment in vitro that was comparable to bovine fibronectin. These results support the hypothesis that LGALS15 is uniquely expressed in Caprinae endometria and functions as an attachment factor important for peri-implantation blastocyst elongation.
INTRODUCTION
Maternal support of conceptus (embryo/fetus and associated membranes) growth and development is critical for pregnancy recognition signaling and implantation in domestic animals [1] [2] [3] . In ruminants, morula-stage embryos enter the uterus on Days 4-6 and then form a blastocyst that contains a blastocoele or central cavity surrounded by a monolayer of trophectoderm [4, 5] . After hatching from the zona pellucida, blastocysts develop into a tubular form and then elongate to 10 cm or more in length beginning on Day 12 in sheep and Day 15 in goats and cattle. Peri-implantation blastocyst growth and elongation is crucial for pregnancy recognition signaling, which involves production of interferon tau (IFNT) from mononuclear trophectoderm cells of the elongating blastocyst that inhibits luteolysis [6, 7] . Hatched blastocysts of ruminants will only elongate when transferred to uteri in domestic ruminants [8] . Thus, factors supporting and regulating growth of periimplantation blastocysts and elongating conceptuses are thought to be derived primarily from secretions of the uterus or histotroph. This hypothesis is supported by studies of asynchronous uterine transfer of embryos and trophoblast vesicles [9, 10] , progesterone regulation of blastocyst elongation [11] [12] [13] , and the phenotype of uterine gland knockout (UGKO) ewes [14, 15] .
UGKO ewes display recurrent early pregnancy loss due to inadequate histotroph from the endometrial luminal (LE) and glandular (GE) epithelia that is required for peri-implantation blastocyst survival and elongation [14, 15] . To better understand the peri-implantation pregnancy defect in UGKO ewes, a geneexpression-profiling project was conducted using an endometrial cDNA library from Day 14 pregnant ewes [16, 17] . Interestingly, approximately 1.4% of the expressed sequence tags (ESTs) sequenced from that cDNA library were highly similar to OVGAL11, a novel member of the galectin family of secreted animal lectins [18] . The sequence of OVGAL11 protein displayed the highest similarity to human LGALS10 (also known as Charcot-Leyden Crystal [CLC] protein) [19, 20] and human LGALS13 (also known as placental tissue protein 13 or PP13) [21] . Because OVGAL11 did not have a known orthologue, it was proposed to be a new family member and renamed galectin 15 (LGALS15). Galectins are proteins with a conserved carbohydrate recognition domain (CRD) that bind beta-galactosides, thereby cross-linking glycoproteins as well as glycolipid receptors on the surface of cells and initiating biologic responses [22] [23] [24] that include adhesion, chemoattraction, migration, growth, differentiation, and apoptosis [25, 26] .
Ovine endometrial LGALS15 contains a predicted CRD as well as C-terminal LDV and RGD recognition sequences that allow proteins to interact with integrins and other components of the extracellular matrix [27] . The temporal and spatial alterations in LGALS15 mRNA and protein in the uterine endometrial LE and sGE and lumen during the periimplantation period of early pregnancy in sheep, combined with known biological activities of other galectins, make LGALS15 a strong candidate mediator of conceptus-endometrial interactions during implantation [17, 28] . One proposed extracellular role for LGALS15 in the uterine lumen is to function as a heterotypic adhesion molecule bridging the conceptus trophectoderm and endometrial LE and stimulating biological responses within the trophoblast, such as attachment and migration, that are critical for successful blastocyst elongation [5, 29] . Indeed, advanced growth and elongation of blastocysts in sheep uteri can be elicited by early progesterone treatment that was associated with early induction of LGALS15 in endometrial LE and sGE [11] .
Although blastocyst elongation occurs in most domestic animals (sheep, goats, cattle, and pigs), LGALS15 has only been investigated in sheep. Therefore, objectives of this study were to (1) determine if LGALS15 is expressed in uteri of other domestic ruminants (goat and cattle) as well as pigs and (2) investigate the attachment function of LGALS15 using ovine trophectoderm (oTr1) cells. Results indicate that the LGALS15 gene is present in sheep, goats, and cattle, but is uniquely expressed only in endometria of sheep and goats during the peri-implantation period of pregnancy. Both sheep and goat LGALS15 support in vitro attachment of oTr1 cells, thereby supporting a role for LGALS15 in peri-implantation blastocyst elongation in Caprinae, a subfamily of the family Bovidae.
MATERIALS AND METHODS

Animals and Experimental Design
All experimental and surgical procedures involving animals met the Guidelines for the Care and Use of Agricultural Animals in Agricultural Teaching and Research and were approved by the Institutional Animal Care and Use Committees of Texas A&M and Prairie View A&M Universities.
Uterine tissues from sheep, goats, cattle, and pigs were obtained during the estrous cycle and/or pregnancy and processed for analysis by in situ hybridization and immunohistochemistry. Uteri from Spanish crossbred female goats or does (Capra hircus) were obtained (Day 0 ¼ estrus/mating) on Days 5, 11, 13, 15, 17 , and 19 of the estrous cycle and pregnancy (n ¼ 5/day per status) and Day 25 of pregnancy (n ¼ 5). Uteri from Angus crossbred cattle (Bos Taurus) were obtained at estrus (n ¼ 2) and on Days 16, 16.5, 17, 17.5, 18 , and 19 of the estrous cycle and pregnancy (n ¼ 3/day per status) and Days 22 (n ¼ 2) and 23 (n ¼ 3) of pregnancy. Uteri from Large White crossbred gilts (Sus scrofa) were obtained on Days 5, 9, 12, and 15 of the estrous cycle and Days 9, 10, 12, 13, 14, 15, and 20 of pregnancy (n ¼ 3/day per status). Uteri from Suffolk crossbred ewes (Ovis aries) were obtained from Days 16 and 18 of pregnancy (n ¼ 4/day) as a positive control. Uteri were fixed in fresh 4% paraformaldehyde in PBS (pH 7.2) and embedded in Paraplast-Plus (Oxford Labware, St. Louis, MO) for histology. Samples of endometria were also frozen in liquid nitrogen and stored at À808C for RNA extraction.
Slot Blot Hybridization Analysis
Steady-state levels of LGALS15 mRNA in goat endometria were assessed by slot blot hybridization using methods described previously [30] . Radiolabeled antisense LGALS15 cRNA probes were generated by in vitro transcription with [a-32 P]-UTP using linearized full-length O. aries LGALS15 cDNA as the template [17] and RNA polymerase. Denatured total endometrial RNA (20 lg) from each goat was hybridized with radiolabeled antisense LGALS15 cRNA. To correct for variation in total RNA loading, a duplicate RNA slot membrane was hybridized with radiolabeled antisense 18S cRNA (pT718S; Ambion, Austin, TX). Following washing, the blots were digested with ribonuclease A and radioactivity associated with slots quantified using a Typhoon 8600 MultiImager (Molecular Dynamics, Piscataway, NJ).
In Situ Hybridization Analysis
Location of LGALS15 mRNAs in uterine tissues was determined by radioactive in situ hybridization analysis as described previously [30] . Radiolabeled antisense and sense cRNA probes were generated by in vitro transcription using linearized full-length O. aries LGALS15 cDNA [17] , RNA polymerases, and [a- 35 S]-UTP. Deparaffinized, rehydrated, and deproteinated uterine tissue sections were hybridized with radiolabeled antisense or sense cRNA probes. After hybridization, washing, and ribonuclease A digestion, slides were dipped in Kodak NTB-2 liquid photographic emulsion and exposed at 48C for 3 days. Slides were developed in Kodak D-19 developer, counterstained with Gill's hematoxylin (Fisher Scientific, Fairlawn, NJ), and then dehydrated through a graded series of alcohol to xylene. Coverslips were then affixed with Permount (Fisher Scientific). Images of representative fields were recorded under brightfield or darkfield illumination using an Eclipse 1000 photomicroscope (Nikon Instruments, Inc., Lewisville, TX) fitted with a Nikon DXM1200 digital camera.
RT-PCR Analysis
Expression of LGALS15 mRNA in endometrial samples was determined by RT-PCR as described previously [31] . Total cellular RNA was isolated from endometria of cyclic and pregnant sheep, goats, cattle, and pigs using Trizol (Gibco-BRL, Bethesda, MD) according to the manufacturer's recommendations. The quantity of RNA was assessed spectrophotometrically, and the integrity of RNA was examined by gel electrophoresis in a denaturing 1% agarose gel. Briefly, cDNA was synthesized from total endometrial RNA (5 lg) using random and oligo-dT primers and SuperScript II Reverse Transcriptase (Life Technologies, Gaithersburg, MD). Newly synthesized cDNA was acidethanol precipitated, resuspended in 20 ll sterile water, and stored at À208C. The cDNAs were diluted (1:10) with sterile water prior to use in PCR reactions. The PCR reactions were performed using Ex Taq DNA polymerase (2.5 U) and 10X Ex Taq buffer (Takara Bio, Carlsbad, CA) according to the manufacturer's recommendations.
The forward (5 0 -ACA CAG TTT CAA CAG GGA AG-3 0 ) and reverse (5 0 -CCG CCC CTT ATA ACG TA-3 0 ) primers amplified a cDNA of 443 bp that contained the entire coding sequence of the ovine LGALS15 mRNA. PCR amplifications were conducted as follows: 34 cycles of 958C for 30 sec, 478C for 1 min, and 728C for 1 min. As a positive control, ACTB (beta actin) primers (forward: 5 0 -ATG AAG ATC CTC ACG GAA CG-3 0 ; reverse: 5 0 -GAA GGT GGT CTC GTG AAT GC-3 0 ) were used to amplify a cDNA of 270 bp. PCR products were separated on a 1.5% agarose gel, visualized by ethidium bromide staining, cloned into pCR2 (Invitrogen, Carlsbad, CA), and sequenced in both directions. A minimum of five clones from five individual sheep and goats were sequenced, and representative clones were deposited in GenBank (accession numbers EU009323, EU009324, EU009325, and EU009326).
Multiple alignments of translated protein sequences were carried out using MUSCLE v.3.6 [32, 33] with the -maxiters flag set to 4. Phylogenetic trees were constructed by generating tree files from the MUSCLE alignments using ClustalW [34] and plotted using TreeView X [35] .
Production of Recombinant LGALS15 Proteins
The entire coding sequence for the ovine and caprine endometrial LGALS15 mRNAs with either the LDVRGD or LVVRGD sequence polymorphism at the C-terminus was used to produce recombinant ovine and caprine LGALS15 in bacteria. PCR reactions (50 ll) were conducted in Optimized Buffer F (Invitrogen) and contained 10 ng of the appropriate ovine or caprine LGALS15 cDNA, 0.5 mg/ml forward primer (5 0 -AGA TGA AGC CAT GGA CTC CTT GCC GAA CCC CTA CC-3 0 ), 0.5 mg/ml reverse primer (5 0 -AGA GTA AGC TTT GAT AAC GTA TCC ACT GAA GTC AGC-3 0 ), and 1 U Ex Taq polymerase using an Eppendorf Mastercycler thermocycler (Eppendorf, Westbury, NY) with conditions of: 1) 958C for 2 min; 2) 958C for 30 sec, 548C for 1 min, and 728C for 1 min for 35 cycles; and 3) 728C for 7 min. The amplified LGALS15 cDNA was restricted with NcoI and HindIII enzymes and then directionally subcloned into the pET-28b (þ) vector (Novagen, Madison, WI). This cloning strategy mutated the stop codon of LGALS15 and placed a His Tag sequence at the C-terminus. The resulting plasmid was sequenced in both directions to ensure that no mutations were present in the LGALS15 sequence.
Recombinant LGALS15 protein was produced in BL21 Star (DE3) One Shot Escherichia coli (Invitrogen) according to the manufacturer's suggestions. Expression of the LGALS15 fusion protein was induced with 5 mM isopropylbeta-D-thiogalactopyranoside (IPTG; Sigma, St. Louis, MO). Bacteria were lysed with Bugbuster (Invitrogen) supplemented with recombinant lysozyme and benzonase. Recombinant LGALS15 protein was isolated by affinity chromatography using a Ni-NTA His Bind Resin purification kit (Invitrogen). Elutions from the column were analyzed by 1D-SDS-PAGE followed by silver staining and Western blot analysis with rabbit anti-ovine LGALS15 IgG. Recombinant protein was dialyzed overnight in PBS (pH 7.2) at 48C and then concentrated in a spin column with a 3500 MWCO (Vivaspin, Stonehouse, UK). Protein concentrations were determined using an RC/DC Protein Assay (Bio-Rad Laboratories, Hercules, CA) with BSA as the standard.
Production of Rabbit Antibodies to Ovine LGALS15
Purified recombinant ovine LGALS15 was used to immunize rabbits using a commercial service. Serum from high-titer rabbits was collected by terminal 1028 bleed, and anti-ovine LGALS15 IgG was purified from antiserum using an ImmunoPure (A/G) IgG Purification kit (Pierce, Rockford, IL). The antibody recognized a 15-kDa protein of the appropriate size in Western blot analysis of ovine uterine flush proteins and recombinant ovine and caprine LGALS15 protein produced in bacteria.
Immunohistochemistry
Immunocytochemical localization of LGALS15 protein in the uterus was performed using methods described previously [17] . Immunoreactive LGALS15 protein was detected using purified rabbit anti-ovine LGALS15 IgG at a final dilution of 1:5000 and a Vectastain ABC anti-rabbit kit (Vectastain Laboratories, Burlingame, CA). Antigen retrieval was performed using boiling citrate buffer as described previously [36] . Negative controls included substitution of the primary antibody with non-immune rabbit IgG. Immunoreactive protein was visualized using diaminobenzidine tetrahydrochloride (Sigma) as the chromagen. Sections were dehydrated and coverslips affixed with Permount.
Photomicroscopy
Photomicrographs of in situ hybridization and immunohistochemistry slides were taken using a Nikon Eclipse E1000 photomicroscope (Nikon Instruments, Melville, NY). Digital images were captured using a Nikon DXM 1200 digital camera (Nikon) and assembled using Adobe Photoshop 7.0 (Adobe Systems, Seattle, WA).
Trophectoderm Attachment Assays
Attachment assays were adapted from Liaw et al. [37] and Ochieng et al. [38] . Greiner Multiwell Tissue Culture Plates (24-well) for suspension cultures (PGC Scientific Co., Monroe, NC) were coated with either BSA Fraction V (Pierce) as a negative control, bovine fibronectin (bFN from bovine plasma; Sigma) as a positive control, and recombinant ovine or caprine LGALS15 proteins at the indicated amount in triplicate and allowed to dry overnight in a sterile hood at room temperature. Wells were then blocked with 1 ml per well of BSA (10 mg/ml) in PBS for 1 h and then rinsed three times with 1 ml per well of serum-and insulin-free medium. Derivation and culture of mononuclear oTr1 cells have been described previously [39] . The oTr1 cells were seeded into each well, and plates were incubated for 1.5 h. Wells were washed three times with 1 ml per well of serum-and insulin-free medium to remove nonattached cells. Cell number was then determined using a Janus Green assay [40] as described previously for oTr1 cells [39] .
Statistical Analyses
All quantitative data were subjected to least-squares analysis of variance (ANOVA) using the General Linear Models procedures of the Statistical Analysis System (SAS Institute, Cary, NC). Slot blot hybridization data were corrected for differences in sample loading using the 18S rRNA data as a covariate. Slot blot data were analyzed for effects of day, pregnancy status (cyclic or pregnant), and their interaction. Next, least-squares regression ANOVA was conducted within pregnancy status. Tests of significance were performed using the appropriate error terms according to the expectation of the mean squares for error. A P-value of 0.05 or less was considered significant. Data are presented as least-square means (LSM) with SEM.
RESULTS
LGALS15 Is Present in Ruminants, but Only Expressed in the Uterus of Sheep and Goats
The coding sequence of ovine LGALS15 mRNA (GenBank AF252548) and the inferred LGALS15 protein sequence (GenBank AAF64320) were used to interrogate available databases. Multiple BLAST searches found evidence for LGALS15 mRNA only in sheep and an LGALS15-related sequence in bovine (GenBank XM_593263) with 86% and 77% identity to the ovine LGALS15 mRNA and protein, respectively. In sheep, ESTs for LGALS15 were found in several different tissues including endometrium, gall bladder, small intestine, Peyer's patches, skin, spleen/brain, dendritic cells, and mammary glands. Interestingly, LGALS15 ESTs were highly represented in an endometrial cDNA library from Day 14 pregnant ewes (1.8%), gall bladder (1.1 %), and small intestine (1.1%). In cattle, only 5 ESTs for the B. taurus mRNA similar to ovine LGALS15 were found out of 1.3 million bovine ESTs. Of these five sequences, two were full length, forward and reverse from one clone from a male Holstein (BARC 9 library). This full-length sequence aligned to a region of bovine chromosome 18 and spanned four predicted exons. The other three sequences were from the placenta, but two of those sequences appeared to be chimeric ribonucleoprotein/ LGALS15, suggesting that they were most likely cloning artifacts. The remaining placental sequence spanned three of the four predicted exons for LGALS15.
Primers were developed to amplify the entire coding sequence of LGALS15 and used for RT-PCR analyses of total RNA isolated from endometria of cyclic and pregnant sheep, goats, cattle, and pigs. PCR products were generated in endometria from sheep and goats, but not cattle or pigs. Sheep and goat LGALS15 were highly homologous at the mRNA (95%) and protein (91%) levels (Fig. 1) . Similarly, the bovine LGALS15-like sequence shared 86% and 77% identity to the ovine LGALS15 mRNA and protein, respectively.
A search of the amino acid sequence of the LGALS15 proteins revealed the presence of a CRD characteristic of galectins [41] . The CRD is a consensus motif consisting of 13   FIG. 1 . MUSCLE alignment of the amino acid sequences of LGALS15 from ovine and caprine endometria compared to a predicted bovine protein with high similarity to LGALS15. The arrowheads denote the conserved residues forming the CRD in prototypical galectin family members. The black circle denotes a conserved C residue critical for mannose binding in LGALS10. The underlined residues denote the conserved LDV and RGD recognition sequences for integrin binding near the C-terminus in ovine and caprine LGALS15 and closely related LKV and KGD sequences in the predicted bovine LGALS15. The asterisks, colons, and single dots indicate the amino acid identity, conserved substitutions, and semiconserved substitutions, respectively.
LGALS15 IS EXPRESSED IN UTERI OF SHEEP AND GOATS amino acids [42] , eight of which (H.N.R.V.N.W.E.R) play a critical role in binding sugars [43, 44] . As illustrated in Figure  1 , comparison of the putative CRDs of ovine and caprine LGALS15 with the conserved CRD of other galectins indicated that four residues are identical (V62, N64, W71, E74) and three are conservatively substituted (R54, W56, K76). Similarly, comparison of the predicted CRD of bovine LGALS15 with the conserved CRD of other galectins found that five residues were identical (V63, N65, W72, E75, R77) and two were conservatively substituted (H54, R56). However, ovine and caprine LGALS15 substituted a P52, and the bovine LGALS15 an A52, for the first H residue of the consensus CRD. The C57 in ovine and caprine LGALS15 is different from prototypical galectins, but appears to allow for binding of mannose in LGALS10 [45] . However, a C residue at position 58 was not found in bovine LGALS15.
Consistent with other galectins, none of the LGALS15 had apparent or predicted signal peptide, transmembrane domain, or glycosylation sites. A PROSITE search revealed two putative cell attachment sequences at positions 123 (LDV) and 126 (RGD) in ovine and caprine LGALS15 that are recognition sequences for integrin binding [27] . The putative CRD and LDVRGD recognition sequences were conserved in all cDNAs amplified from sheep and goat endometrium (GenBank EU009324 and EU009325). However, approximately 50% of the sheep and goat LGALS15 from each individual contained an LVV polymorphism next to the RGD sequence in the C-terminus (GenBank EU009323 and EU009326). As shown in Figure 1 , the bovine LGALS15-like protein contained LKVKGD sequences at position 124 instead of the LDVRGD or LVVRGD sequence found in ovine and caprine LGALS15. The KGD recognition sequence binds integrins similar to the RGD sequence [27] .
All galectin protein sequences present in UniProt [46] were downloaded and aligned with the translated ovine, caprine, and bovine LGALS15 sequences (data not shown). It was clear from this alignment and the resulting phylogeny that LGALS15, CLC/LGALS10, and CLC2/LGALS14 were most closely related and most similar to LGALS4. This relationship is illustrated in Figure 2 , where only the LGALS4 node from the comprehensive tree is displayed. Based on this result, the LGALS15 genes are likely specific to the subfamily Caprinae of
FIG. 2. Phylogenetic tree of
LGALS15 relationships to the other most closely related galectin superfamily members based on the Neighbor Joining method using the tree generated from the MUSCLE alignment. The branch lengths are proportional to an estimate of evolutionary change. The scale bar at the bottom denotes relative estimate of evolutionary distance.
the family Bovinae. Further, the LGALS15 genes and the primate CLC/LGALS10, CLC2/LGALS14 and LGALS13 genes arose from an ancestral duplication of LGALS4. Specifically, the predicted protein sequence from the B. taurus LGALS15-like mRNA shares significant similarity to LGALS10, LGALS13, and LGALS14 from several species with no gaps and to ovine LGALS15 with one gap.
LGALS15 mRNA and Protein Are Present in Endometria of Sheep and Goats, but Not Cattle or Pigs
Steady-state levels of LGALS15 mRNAs in endometria from cyclic and pregnant goats were determined by slot blot hybridization analyses (Fig. 3 ) and found to be affected (P , 0.01) by day, status, and their interaction. In cyclic goats, endometrial LGALS15 mRNA was low to undetectable before Day 13, increased (cubic effect of day, P , 0.01) about 88-fold from Days 13 to 17, and then declined to Day 19. In pregnant goats, LGALS15 mRNA levels were also low to undetectable before Day 13, increased between Days 13 and 17, and declined between Days 19 and 25 (cubic effect of day, P , 0.01). Between Days 13 and 17, endometrial LGALS15 mRNA levels increased about 88-fold in cyclic goats, compared to a 292-fold increase in pregnant goats (day 3 status, P , 0.0001). Thus, endometrial LGALS15 mRNA levels were not different between cyclic and pregnant goats between Days 11 and 15, but increased in pregnant over cyclic goats between Days 15 and 19, which correlates to the onset of definitive attachment of the trophectoderm to the endometrial LE in goats [47] .
In situ hybridization analyses found abundant LGALS15 mRNA in endometrial LE and sGE of cyclic and pregnant uteri from goats and sheep (Fig. 4) . In contrast, no hybridization signal for LGALS15 mRNA was detected in uteri of cyclic or pregnant cattle and pigs. In goats, LGALS15 mRNA was first observed at low levels in LE, sGE, and upper glands of the endometrium on Day 13 of both the estrous cycle and pregnancy. In cyclic goats, LGALS15 mRNA was most abundant on Day 17 and then declined substantially on Day 19, whereas LGALS15 mRNA in pregnant goats increased from Days 15 to 17 and remained abundant thereafter.
LGALS15 mRNA was not detected in conceptus trophectoderm. Thus, the presence of a conceptus increases LGALS15 mRNA levels in caprine endometrium.
Overall changes in immunoreactive LGALS15 protein abundance in endometrial LE and sGE of goats paralleled changes in LGALS15 mRNA in cyclic and pregnant goats (Fig.  5) . In both cyclic and pregnant goats, LGALS15 protein was localized primarily in the cytoplasm of endometrial LE and sGE. Consistent with an increase in LGALS15 mRNA, the abundance of LGALS15 protein increased in LE and sGE after Day 13 and was readily apparent near and on the apical surface of endometrial LE by Day 17 of the estrous cycle and pregnancy. Although LGALS15 mRNA was not present in the conceptus, LGALS15 protein was detected in crystal structures within conceptus trophectoderm as well as endometrial LE and sGE. Consistent with the lack of detectable LGALS15 mRNA, no immunoreactive LGALS15 protein was detectable in bovine or porcine uteri.
LGALS15 Promotes Attachment of oTr1 Cells
Ovine trophectoderm cells isolated from Day 15 conceptuses were predominantly mononuclear and expressed IFNT by RT-PCR (data not shown). A dose-dependent increase (P , 0.01) in oTr1 cell attachment was induced in wells coated with increasing amounts of LGALS15 and bFN, but not BSA (Fig.  6 ). An increase in oTr1 cell attachment also occurred in response to bFN as well as in response to all forms of ovine and caprine LGALS15, and LGALS15 and bFN induced similar increases in oTr1 cell attachment.
DISCUSSION
Results of bioinformatic and RT-PCR analyses indicate that
LGALS15 is a unique member of the galectin family that is present in the genome of sheep and goats (Subfamily Caprinae) and cattle (Subfamily Bovinae), but not in pigs (Suborder Suina), which are Artiodactyls. Outside of the Artiodactyls,
LGALS15 was not detected in human, nonhuman primate, mouse, chicken, dog, or any other species with a sequenced genome. These results suggest that LGALS15 is a unique gene in sheep, goats, and cattle. Given the lack of expression of LGALS15 in the bovine uterus and very rare abundance in other tissues based on EST analysis, the bovine LGALS15 gene may be a pseudogene, which can be defined as a defunct relative of a known gene that is no longer expressed in the cell [48] . Phylogenetic analyses of available galectins from a number of species (human, mouse, rat, dog, and cow) suggest that LGALS15 is likely a paralog derived from another closely related galectin family member such as LGALS10/CLC, LGALS11, LGALS13, or LGALS14/CLC2. Paralogs are genes   FIG. 3 . Steady-state levels of LGALS15 mRNA in endometria from cyclic and early pregnant goats determined by slot blot hybridization analysis. In cyclic goats, LGALS15 mRNA was low to undetectable from Days 5 to 11, increased about 88-fold from Days 11 to 17, and decreased to Day 19 (cubic effect of day, P , 0.01). In pregnant goats, LGALS15 mRNA was low to undetectable from Days 5 and 11, increased about 292-fold between Days 13 and 17, and declined somewhat to Day 25 (cubic effect of day, P , 0.01). Endometrial
LGALS15 mRNA was higher in pregnant than cyclic goats on Days 17 and 19 (day 3 status, P , 0.0001). Data are expressed as LSM relative units with SEM.
LGALS15 IS EXPRESSED IN UTERI OF SHEEP AND GOATS related by duplication within a genome that evolve new functions, even if these are related to the original gene. Indeed, the LDV and RGD recognition sequences in LGALS15 of sheep and goats are conservatively substituted in cattle, but not present in the C-terminus of any other galectins. Interestingly, LGALS13, originally known as PP13, was originally cloned from human placenta [49] and is a homologue of the human eosinophil CLC protein that is known as LGALS10. Moreover, ovine, caprine, and bovine LGALS15 display the highest similarity to human CLC [19, 20] and LGALS13 [21] . Thus,
LGALS15 most likely evolved as a paralog of LGALS13 or LGALS10/CLC in sheep, goats, and cattle. Functional studies of other galectins have implicated these proteins in cell adhesion, chemoattraction, and migration, as well as cell growth, differentiation, and apoptosis [22, 25, 50] . All of these biological activities are proposed to be important for ruminant blastocyst growth and elongation during the peri-implantation period of pregnancy [4, 5, 51] .
The temporal changes in expression of endometrial LGALS15 mRNA support the hypothesis that ovarian proges -FIG. 4 . In situ localization of LGALS15 mRNA in the endometrium. Cross-sections of the uterine wall from cyclic (C) and pregnant (P) goats were hybridized with radiolabeled antisense or sense ovine LGALS15 cRNA probes.
LGALS15 mRNA was detected only in endometrial LE and sGE of goats and sheep, but was not detected in either cattle or pigs. All representative photomicrographs are shown in brightfield (left) and darkfield (right) illumination at the same width of field (420 lm). S, stroma; Tr, trophectoderm. Numbers in panels indicate days.
terone and conceptus IFNT regulate transcription of the
LGALS15 gene in endometrial epithelia of goat uteri as found in sheep [16, 17] . IFNT is the pregnancy recognition hormone in ruminants that acts on the endometrium to prevent development of the luteolytic mechanism, thereby maintaining the corpus luteum for production of progesterone [52] . The enhanced levels of LGALS15 mRNA in endometria of pregnant goats on Days 15-19 of pregnancy as compared to cyclic goats parallels the increase in production of IFNT by the conceptus, which is produced from Days 16 to 21 and is maximal between Days 16 and 18 in goats [53, 54] . Intrauterine administration of IFNT increases LGALS15 mRNA, but only in progesteronetreated ewes [17] . Indeed, several genes have been identified to be progesterone-induced and IFNT-stimulated specifically in endometrial LE/sGE in the ovine uterus, including cathepsin L and cystatin C [55, 56] . Thus, progesterone and IFNT act in concert to stimulate a number of genes apparently important for conceptus survival, growth, and implantation [5, 16, 29, 57] .
Prototypical members of the galectin superfamily (LGALS1, LGALS2, LGALS5, LGALS7, LGALS10, LGALS11, LGALS13, LGALS14) have one conserved CRD. Interestingly, results of phylogenetic analyses suggest that LGALS10, LGALS13, and LGALS15 were derived from LGALS4, which is a tandem repeat galectin with two CRDs [58] . Although the CRD of LGALS15 differs slightly from that in the prototypical galectins, it does possess the ''jellyroll'' LGALS15 IS EXPRESSED IN UTERI OF SHEEP AND GOATS structural fold similar to that found in LGALS10 and LGALS13 [59] . Galectins bind beta-galactosides via the CRD, but the carbohydrate binding specificity for each galectin appears to be different [60] . In addition to the CRD, sheep and goat LGALS15 also contains predicted cell attachment sequences (LDV and RGD) that could mediate binding to integrins in extracellular matrix proteins [27] . Galectins can also bind and activate integrins via their CRD [25] . In the present study, all forms of recombinant ovine and caprine LGALS15 increased attachment of mononuclear oTr1 cells to a similar extent as bFN. Although the LDV sequence next to the RGD sequence is an integrin binding site [27] , there were no detectable differences in cell attachment function among the different polymorphic variants of ovine or caprine LGALS15 that contained the LVVRGD sequence instead of the LDVRGD sequence in the C-terminus. The temporal and spatial alterations in LGALS15 mRNA and protein in the ovine uterus [17] and caprine uterus during pregnancy, combined with the in vitro attachment of oTr1 cells to recombinant ovine and caprine LGALS15, support the hypothesis that LGALS15 functions as a heterotypic cell adhesion molecule bridging endometrial LE and conceptus trophectoderm, which is required for the blastocyst growth, elongation, and attachment phases of implantation.
Both the RGD recognition sequence and perhaps the CRD of LGALS15 may be involved in cell attachment and adhesion via integrin binding and activation. Indeed, integrins are proposed to be the dominant glycoproteins that regulate trophectoderm adhesion to endometrial LE during implantation [61, 62] . During the peri-implantation period of pregnancy in sheep, integrin subunits av, a4, a5, b1, b3, and b5 are constitutively expressed on conceptus trophectoderm and the apical surface of endometrial LE [63] . In goats, integrin subunits av, a4, a5, b1, and b3 are expressed on conceptus trophectoderm and endometrial LE on Days 21 and 23 of pregnancy [64] . Thus, conceptus implantation in sheep and goats does not appear to involve changes in temporal or spatial patterns of integrin expression [63, 64] , but appears to depend primarily on changes in expression of integrin ligands, such as LGALS15 and secreted phosphoprotein one (SPP1/osteopontin) [5, 65, 66] . Other galectins bind integrins, FN, and laminin, because these extracellular matrix proteins are modified with beta-galactoside sugars [22, 23] . Indeed, FN and vitronectin are also expressed on conceptus trophectoderm and endometrial LE on Days 21 and 23 of pregnancy in goats [64] . In the goat, close contact between the conceptus trophectoderm and endometrial LE occurs between Days 17 and 18, with firm adhesion developing between Days 19 and 23 [47, 67] . This time period coincides with rapid elongation of the goat blastocyst to form a filamentous conceptus [67] . Blastocyst elongation has not been achieved in vitro, suggesting that a factor present in the uterine lumen, perhaps a secreted protein like LGALS15 or SPP1, is required for blastocyst development into a filamentous conceptus. The idea that factors in uterine histotroph are required to promote blastocyst growth and elongation in ruminants is supported by studies of asynchronous uterine transfer of embryos and trophoblast vesicles [9, 10] , progesterone regulation of blastocyst elongation [11] [12] [13] , and failure of conceptus development in UGKO ewes [14, 15] . In fact, blastocyst elongation has been hypothesized to require transient attachment, detachment, and reattachment as the trophectoderm elongates from each side of the centrally located embryonic disc [4] . Thus, available evidence suggests that LGALS15 secreted by endometrial LE functions to promote blastocyst growth and elongation in sheep and goats by moderating adhesion of trophectoderm to endometrial LE via integrin binding.
As observed in sheep [17, 28] , LGALS15 is detectable on the surface of the trophectoderm and within intracellular crystal structures of trophectoderm and the endometrial LE of the goat.
LGALS10 was initially known as a CLC protein because it formed distinctive hexagonal bipyramidal crystals in eosinophils that accounted for nearly 10% of the total cellular protein [19, 68] . Further, LGALS15 was immunologically identical to the novel 14K progesterone-modulated protein from the sheep uterus associated with crystalline inclusion bodies in endometrial LE and conceptus trophectoderm [69] . Subsequent immunogold electron microscopy analysis revealed the 14K protein was localized to large, membrane-bound rhomboidal or needle-shaped crystal structures, but not in the endoplasmic reticulum and Golgi body. Therefore, Kazemi et al. [69] suggested that the protein was secreted by the endometrial epithelia and taken up by the conceptus from uterine histotroph. Indeed, needle-shaped crystalline structures have also been described in caprine endometrial epithelial and trophectoderm cells [67] , and their development correlates with FIG. 6 . Attachment function assays of ovine and caprine LGALS15 using oTr1 cells. Wells of suspension culture plates were coated with increasing amounts (0.1, 1, or 10 lg) of recombinant ovine and caprine LGALS15 or purified bovine fibronectin, but not BSA. Freshly prepared oTr1 (labeled oTr) cells were seeded into each well and allowed to attach for 1.5 h. Unattached cells were washed off, and cell number in each well determined. Data are expressed as percentage of attached oTr1 cells relative to BSA. The entire experiment was independently repeated at least three times with similar results.
the synthesis and secretion of an unidentified 15-kDa protein with a pI of ;6.0 from explant cultures in response to the conceptus [70] . Interestingly, development of in vitro-produced bovine blastocysts transferred into sheep uteri resulted in the presence of crystals in trophectoderm cells [71, 72] . However, crystal-like structures were not observed in the trophectoderm of Day 15 or Day 19 bovine blastocysts produced by in vivo development in cattle [72] . Therefore, it is not surprising that the LGALS15 gene is expressed in endometria of ovine and caprine uteri, but not bovine uteri. The present results strongly indicate that LGALS15 is expressed by endometrial LE and sGE of the ovine and caprine uterus, secreted into the uterine lumen, and then adsorbed to the surface of or absorbed into conceptus trophectoderm where it forms crystals. Although the biological role(s) of LGALS15 crystals in the conceptus is not known, the intracellular roles of other galectins include modulation of cell growth, differentiation, and apoptosis through functioning as pre-mRNA splicing factors and interacting with specific intracellular ligands such as RAS and BCL2 [73, 74] . Similar to LGALS15, a number of galectins are present in the cytoplasm and nuclei of cells, including LGALS1, LGALS3, LGALS7, and LGALS12 [26] .
Collectively, available data support the hypothesis that LGALS15 is uniquely expressed in uterine endometria of ruminants in the subfamily Caprinae (O. aries and C. hircus) and secreted into the uterine lumen where it functions as an attachment factor important for pre-implantation blastocyst growth, elongation, and attachment phase of implantation. Future work will focus on the extracellular and intracellular roles of LGALS15 in endometria and conceptuses of sheep and goats and will determine if other galectin family members are expressed in uteri of other mammals.
